Background-Bladder cancer (BC) is a burdensome disease with significant morbidity, mortality, and cost. The development of novel plasma-based biomarkers for BC diagnosis and surveillance could significantly improve clinical outcomes and decrease health expenditures. Plasma miRNAs are promising biomarkers that have yet to be rigorously investigated in BC.
Introduction
Bladder cancer (BC) follows a dual-track carcinogenesis concept [1, 2] . Most BCs are nonmuscle-invasive (NMIBC) lesions that frequently recur, but rarely progress to muscleinvasive disease. Despite the tendency for a relatively indolent course, NMIBC has a substantial impact on health care due to the costs incurred from frequent cystoscopic surveillance [3, 4] . In contrast, about 20% of BCs are muscle-invasive at diagnosis (MIBC). These tumors, unlike their NMIBC counterparts, arise from severe dysplasia or carcinoma in situ (CIS). MIBC tumors account for the bulk of BC-related mortality, which amounts to approximately 15,000 deaths per year in the United States, or about 20% of the annual BC incidence [5] .
Developing novel noninvasive diagnostics for BC detection and surveillance is imperative to both decrease cost and improve patient outcomes via earlier detection. All the currently approved US Food and Drug Administration markers have limitations. More specifically, inadequate sensitivity and specificity compared with cystoscopy leads to false negative and false positive results, respectively [6] [7] [8] . MiRNAs have been suggested as promising alternative biomarkers for detecting cancer, informing prognosis, and monitoring treatment response [9, 10] . From a biological standpoint, miRNAs may be superior predictive markers compared with protein, DNA, or mRNA. A single miRNA may regulate hundreds of target mRNAs that are frequently grouped in a specific biological pathway. Consequently, a focused miRNA signature may provide comparable prognostic information several orders of magnitude greater than mRNAs [11, 12] . From a practical viewpoint, miRNAs are more stable than mRNAs or proteins and are less subject to degradation during sample processing. Thus, miRNAs are more suitable for analysis in formalin-fixed paraffin-embedded tissues, urine, serum, or plasma [12, 13] .
As a proof of concept study, this study investigates the potential of plasma miRNAs in detecting BC. To this end, a comparison of all known and predicted noncoding RNA species in the plasma of patients with and without BC were analyzed with the goal of identifying a miRNA fingerprint associated with different disease states. If plasma miRNA signatures accurately represent BC status, additional studies specifically examining potential clinical applications, such as initial hematuria workup or surveillance of known BC patients will be conducted.
Materials and methods

Patient selection and sample processing
The study design was approved by the University of Texas MD Anderson Cancer Center Institutional Review Board (protocol: LAB09-0149). Informed consent was obtained per the participating institution's protocol. Whole blood samples were prospectively collected from BC patients (n = 20) before surgery, and from control patients without urologic malignancies (n = 18). The blood samples from the BC and control patients were collected at MD Anderson Cancer Center, Houston, TX, and Municipal Hospital, Tisisoara, Romania, respectively. Non-muscle-invasive bladder cancer (NIMBC) was defined as Ta-T1, and MIBC was defined as T2-T4 per 2002 AJCC/UICC TNM system. Grade was designated per 1973 WHO Guidelines.
Whole blood (5-8 ml) was collected in an ethylene diamine tetracetic acid (EDTA) tube. The sample was centrifuged twice at 4°. Plasma (supernatant after second centrifugation) was then stored at −80°C. Samples were frozen within 4 hours of collection. Total RNA was isolated per a commercially available kit adhering to the manufacturer's protocol (mirVana; miRNA Isolation Kit, Applied Biosystems, Carlsbad, CA). RNA hybridization was performed with a custom-made noncoding RNA array (MD Anderson Cancer Center, Houston, TX) containing 9,600 miRNAs in duplicate, as previously described [14] .
Reverse transcriptase polymerase chain reaction analysis for quality control assessment
Reverse transcriptase polymerase chain reaction was performed with the TaqMan miRNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) per manufacturer's instructions. Total RNA (0.2 µg) was used for cDNA amplification by using an arbitrarily primed multicolor detection system (Applied Biosystems). miR-150 and miR-192 expression levels were assessed to ensure that the isolated RNA material from cell-free plasma contained amplifiable miRNA (data not shown) on all BC and control samples [14] . Assays were performed in triplicate, and miRNA expression levels were calculated by using the comparative cycle threshold (Ct) method. The fold change was calculated by using the 2-ΔΔCt method. U6 snRNA was used as the endogenous control.
Statistical analysis
All statistical analyses were performed in the statistics system R by using Bioconductor, additional public packages, and custom programming [15] .
Since quantile normalization, a common approach for preprocessing microarray data, failed to achieve approximate constant variance over the range of expression levels, variancestabilizing transformation was used instead [16] . To assess signal strength and reliability, the Pearson correlation coefficient (r) of the duplicate measurements was computed for each miRNA.
Clustering and principal-component analysis were used for exploratory (i.e., "unsupervised") analysis [17, 18] . T-tests and extensions thereof, specifically shrinkage t-tests, followed by false discovery rate (FDR) control were used to identify differentially expressed miRNAs that correlated with the disease state (NMIBC or MIBC) [19, 20] . To develop systems for predicting diagnosis, several machine learning methods were applied, including random forests of classification trees, nearest shrunken centroids, and regularized logistic regression (LR) [18, 21] . For each of these methods, an appropriate technique was used to estimate the generalization performance of the obtained classifiers, namely bootstrapping and leave-one-out cross-validation (LOO-CV). In a post-processing step, the importance of each miRNA was extracted to the resultant classifiers [22] .
To address the inherent difficulties in identifying differentially expressed miRNAs from thousands of candidates in relatively few patient samples, local FDRs, regularization (more specifically, penalization or shrinkage), and cross-validation (CV) were used to ensure meaningful results and minimize the potential for overfitting.
Pathway enrichment analysis
A Kyoto Encyclopedia of Genes and Genomes (KEGG)-based pathway enrichment analysis with use of Diana-miRPath software for the gene targets predicted by Diana microT Pic-Tar, and TargetScan was performed to elucidate potential pathways involved in differentially expressed miRNAs (http://diana.cslab.ece.ntua.gr/). Table 1 summarizes the clinical and demographic characteristics for the control patients. One control patient was treated for a basal cell carcinoma of the skin, 1 had a benign rectal polyp, and 1 had a uterine fibroid. None were diagnosed with malignant carcinomas. Table 2 summarizes the clinical and demographic characteristics for the NMIBC and MIBC groups.
Results
Clinical and demographic information
Unsupervised analysis
Initial analysis focused on whether plasma miRNA expression levels can discriminate BC from controls. Principal component analysis (Fig. 1A) and clustering (Fig. 1B) were used for exploratory analysis. The resultant groupings of samples were subsequently reproduced and verified. The results of both approaches suggest that factors other than the presence or absence of BC influence plasma miRNA expression profiles. This was not unexpected as many coexisting conditions, such as metabolic, inflammatory or infectious processes could affect plasma miRNA expression. Further for BC patients, NMIBC and MIBC did not cluster together. To this end, supervised analysis was required.
Supervised analysis: Clustering of differentially expressed microRNAs
Ten differentially expressed miRNAs between controls and BC patients were identified with high confidence (moderated t-test, tail-based FDR <10%). Several of the identified miRNAs, such as miR-1290 ( Fig. 2A ) and miR-92b (Fig. 2B) , had expression patterns that correlated with BC disease state. Patient samples were subsequently 'reclustered' based on these 10 selected miRNAs (Fig. 2C) .
MIBC samples showed sufficient separation from noncancerous controls. NMIBC samples had a broader distribution, which overlapped with MIBC and/or controls. Given the known heterogeneity in the clinical course of NMIBC, the NIMBC group was dichotomized by pathologic grade into low-grade NMIBC and high-grade NMIBC. Most NMIBC with miRNA expression patterns initially coded as 'noncancerous' was subsequently identified as low-grade NMIBC, while almost all the NMIBC previously coded as 'MIBC was subsequently identified as high-grade NMIBC (Fig. 2C). 
Machine learning classification
Seventy-nine potentially discriminatory miRNAs between BC and controls were identified (local FDR <0.5). However, no individual miRNA sufficiently distinguished BC from control. Therefore, machine learning methods were used to identify classifiers consisting of multiple miRNAs (Table 3) . To facilitate the process of training classifiers in a dataset consisting of many variables (9,600 candidate miRNAs) and relatively few observations (38 samples), several steps were taken, including using the correlation coefficient r between duplicate measurements (Fig. 3A) . Further, miRNAs with r values <0.4 were excluded, and the expression data of the remaining miRNAs was weighted by multiplying them by r. This excluded 'silent' miRNAs since measurements predominately consisting of noise are expected to yield low correlation coefficients. In addition to the remaining non-'silent' miRNAs, a binary indicator variable encoding patient sex was also used as a feature, as the prevalence of BC is higher in men compared with women.
Bootstrapping and cross validation were used to obtain realistic estimates of predictive outcomes. For instance, regularized LR was trained on all but 1 patient, and a prediction was made for the left-out patient (LOO-CV). This method was cycled and repeated for all patients. The strength of the regularization was determined by maximizing the LOO negative log likelihood. An LR prediction was the estimated probability of the patient being in one class (e.g., BC), given the miRNA measurements. A hard prediction was naturally derived by applying a threshold of 0.5. For BC (both MIBC and NMIBC) vs. controls, this hard prediction yielded 90% sensitivity and 89% specificity (Fig. 3B, red circle) . Changing the threshold can trade decreased sensitivity for increased specificity, or vice versa. For instance, applying a 0.8 threshold yielded 75% sensitivity at 100% specificity, hence preventing any false alarm in the LOO-CV (Fig. 3B, orange circle) . For MIBC vs. others (NMIBC and controls), 80% sensitivity and 96% specificity were achieved (Fig. 3C) . One hundred percent accuracy was achieved for identifying MIBC vs. controls (Fig. 3D). 
Diagnostically useful miRNAs
Each miRNA's relative contribution to the LR classifier was computed. The 40 most diagnostically useful miRNAs were determined. First, for distinguishing BC from control samples (Fig. 4A) ; second, for MIBC vs. other (NMIBC and controls) samples (Fig. 4B) . Several miRNAs, such as miR-541, miR-200b, miR-566, miR-487, and miR-148b, were upregulated in the plasma of BC patients, whereas the expression of other miRNAs, such as miR-25, miR-92a, −92 b, miR-302, and miR-33b, were significantly higher in control patients. These results suggest that a miRNA "fingerprint" may be associated with the presence of BC.
Discussion
This study suggests a diagnostic application for plasma miRNAs in BC. LR was the most accurate statistical method for predicting diagnosis with 89% accuracy for detecting the presence or absence of BC, 92% accuracy for distinguishing invasive BC from other cases, 79% accuracy for 3-way classification, and 100% accuracy for distinguishing MIBC from controls. The preliminary results of plasma miRNA favor comparably to routinely used urinary biomarkers, such as urine cytology, BTA, NMP-22, ImmunoCyt, and UroVysion [6] [7] [8] . In future studies, plasma miRNA will need to be evaluated in specific clinical scenarios, such as initial evaluation for hematuria, or for surveillance in known BC patients, and will also need to be directly compared with other noninvasive markers like urine cytology.
Although the results are promising, this study has several limitations. First, the sample sizes were small. The lack of larger sample sizes limited the statistical power to detect differences between study cohorts, and potentially resulted in an inability of plasma miRNA profiles to distinguish NMIBC from normal samples or MIBC. For example, FGFR3-related miR-99/100, previously shown to be downregulated in NMIBC tumors, showed higher expression in MIBC patients than in NMIBC patients, but these differences were not statistically significant [23] . Apart from inherent differential miRNA expression between NMIBC and MIBC, an alternative explanation could be that changes in tumor-derived plasma miRNAs may be proportional to tumor volume. The small number of patients also influenced our statistical analysis. An unsupervised approach would have been ideal to minimize overfitting and overly optimistic results; however, alternative statistical methods (local FDRs, regularization, cross-validation) were used in a supervised analysis to ensure reliable and accurate results.
The control group was not ideally matched for age (younger than BC group) or gender (more female than BC group). To address these confounding factors, miR-1290 and miR-92b were separately assessed based on gender (data not shown). Both miRNAs showed a consistent differential expression between control and BC patients regardless of gender (low miR-1290 and miR-92b in both male and female BC patients). Further, gender was included as a covariate so its potential effects on miRNA expression are already taken into account in the logistic regression modeling. Regarding the influence of age on miRNA expression, both miR-1290 and miR-92b trended toward higher expression levels with older age (data not shown). Since the BC group was older and had lower miRNA miR-1290 and miR-92b, it is unlikely that age alone could explain the differential miRNA expression patterns between BC patients and controls. A normal 'healthy' control population could also have been used in this study. Given the wide array of medical conditions in the control group, however, it is less likely that a systematic bias influencing miRNA expression exists. Geographic distribution between BC patients and controls (all controls were from Romania and all BC were from the United States) may also be a source of bias. In addition to including larger sample sizes, future studies will need stringent inclusion criteria to optimally match BC patients and controls to minimize the aforementioned potential sources of bias and ensure that differences in miRNA profiles are predominantly a reflection of BC disease state.
The most diagnostically useful miRNAs had expression levels generally lower in BC patients compared with non-cancerous controls. This finding adds additional complexity to the analysis as it confirms that other phenomena contribute to the circulating miRNA milieu. The expression of these particular miRNAs was inversely correlated with advanced stages of BC, which supports their utility as a marker of BC disease state.
It was quite intriguing that miR-33b and miR-92b were down-regulated in the plasma of patients with BC. miRNAs typically bind to their mRNA targets at the 3' untranslated regions (UTRs), and subsequently trigger mRNA degradation or inhibition of protein translation [14] . Pathway enrichment analysis (data not shown) revealed that many of the predicted miRNA targets were involved in critical pathways known to affect BC progression, including the tumor growth factor-beta signaling pathway [24] . Furthermore, analysis of the potential binding targets for miR-92 and miR-33 predicted 3 potential binding sites for miR-92b in the CD69 3'UTR, and 1 unique site for miR-33b in both the CD96 and CTLA-4 3'UTRs. Importantly, CD69 protein is expressed by activated T cells, including natural killer (NK) cells; CD96 is expressed by NK cells and is important for cell adhesion of NK cells to their target cells; and CTLA-4 is expressed primarily by activated T cells and dendritic cells [25] [26] [27] . Furthermore, miR-33 has recently been associated with macrophages, which are key constituents of tumor stroma known to both promote tumor progression and destruction depending on the their phenotype [28] [29] [30] .
It is possible that certain adaptive or innate immunologic responses may be the plasma "sources" of some miRNAs, such as miR-92b and miR-33b, and release them into the systemic circulation as part of a homeostatic mechanism. In this scenario, inciting events, such as the onset of malignancy, may activate immune responses, including subsets of T cells associated with the down-regulation of miR-92b and miR-33b. This "immunosurveillance theory," first proposed by Paul Ehrlich in the early 1900s and subsequently further developed in the 1970s, currently includes the concept of tumor immuno-editing, which is believed to continue during tumor development [31] . Both innate and adaptive immunity are believed to be involved in tumor biology, and they both can promote tumor progression as well as mediate tumor destruction [29, 30] .
Conclusions
To our knowledge, this study represents the first attempt at utilizing plasma miRNA for BC detection. Looking beyond the limitations of the current study design, plasma miRNA profiles seem to perform favorably compared with routinely used urine assays. This study provides preliminary data to support the feasibility and efficacy of this approach, and will serve as a foundation for further studies both to specify the optimal plasma miRNA signature and to apply these signatures to clinical scenarios, such as initial BC detection and BC surveillance. Principal component analysis and hierarchical clustering of samples based on expression levels of all 9,600 assayed sequences. The expression profiles of human miRNAs represented by (A) the first two principal components or by (B) unsupervised clustering cannot clearly distinguish BC from control samples. Differentially expressed miRNAs correlate with various disease states. (A) miR-1290 and (B) miR-92b expression correlate with pathologic grade and stage; (C) clustering of samples using discriminative miRNAs reflects histologic grade and disease state. Table 3 Cross-validation accuracy for logistic regression 
